The results of the low-temperature, high energy resolution photoemission studies of a single-grain icosahedral alloy AhoPd21.5Mns.5 have been presented. The existence of the theoretically predicted pseudogap has been confirmed. No evidence of the theoretically predicted spikiness of the density of states could be observed. A review of published experimental data on the electronic structure of quasicrystals has also been presented. The photoemission experimental results confirm the existence of a pseudogap in the density of states in icosahedral quasicrystals, but its existence in the decagonal quasicrystals remains still an open question. The predicted DOS spikiness could not be observed in any of the studied quasicrystals.
Introduction
Quasicrystals (QCs) are a new form of the solid state which differs from the other two known forms, crystalline and amor phous, by possessing a new type of long-range translational order, quasiperiodicity, and a noncrystallographic orienta tional order associated with the classically forbidden fivefold (icosahedral), eightfold (octagonal), tenfold (decagonal) and twelvefold (dodecagonal) symmetry axes.l) One of the cen tral problems in condensed-matter physics is to determine whether quasiperiodicity leads to physical properties which are significantly different from those of crystalline and amor phous materials of the same/similar compositions.
The physical properties of QCs, and especially their elec tronic transport properties, are very unusual.l) They are ulti mately determined by the electronic structure of these alloys. Knowledge and understanding of the electronic structure are thus essential if we are to understand the unexpected physical properties of QCs.
There are three major theoretical predictions of the elec tronic structure of icosahedral (I) and decagonal (D) alloys. The first one is the prediction of the existence of the pseu dogap in the density of states (DOS) at the Fermi level Ep. The early calculations based on the nearly-free-electron ap proximation concluded 2 -8 ) that such a pseudogap should exist in the 1 alloys. Modem electronic structure calculations per formed for the approximants to various 1 alloys unanimously predict the presence of the pseudogap in the DOS(Ep). [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] This is illustrated in Fig. 1 which shows the predicted DOS for the 1/1 approximant to the 1 AI-Pd-Mn alloy. I?) For D al loys, the theoretical predictions concerning the existence of a pseudogap at the DOS(Ep) are controversial. Some calcula tions postulate the existence of such a pseudogap24, 25) in the D AI-Cu-Co alloys. This has been disputed in other theoretical studies.2~28) The electronic-structure calculations for approx inlants to the D AI-Pd-Mn system predict that a pseudogap exists only in the AI-sp band. 29 ,30) For the D AI-Ni-Co alloys it is predicted that no pseudogap exists in the DOS(Ep).3l ) The second theoretical prediction of the electronic struc ture calculations carried out for various approximants to QCs is the fine structure (spikiness) of the DOS (Fig. 1) .9-24,2~3l) Binding Energy, E B / eV The DOS of QCs is believed to consists of many very fine spiked peaks with a width of about 10meV. This spikiness is invoked1) to explain the experimental observation that the electrical resistivity p of QCs is unusually sensitive to slight changes in their composition: such changes shift the position of Ep, resulting in a strong change of the DOS(Ep), and con sequently of p. The predicted minimum of DOS(Ep) (a pseudogap) is not a unique characteristic which distinguishes the electronic structure of QCs from that of crystalline and amorphous al loys since the pseudogap does occur in both crystalline and amorphous systems. 1) However, the predicted DOS spikiness seems to be such a unique property which distinguishes QCs from crystalline and amorphous alloys.
The third important result of the band-structure calcula tions is the prediction 22 ) of the possible existence of a real gap in the DOS around Ep in the 1 AI-Pd-Re system.
The anomalously large p and a low electronic specific heat coefficient y were taken as an experimental evidence for the existence of a pseudogap in the DOS at· Ep. [32] [33] [34] [35] The low values of y measured for the D AI-Cu-C0 49 ) and AI-Ni-Co SO ) alloys were interpreted as in dicative of a pseudogap in the DOS(EF). The presence of a pseudogap at EF in the DOS in the D AI-Ni-Co SO ) alloy and its absence in the D AI-Cu-Co alloysSl) were inferred from the analysis of the optical conductivity results.
A common characteristic of the measurements briefly re viewed above is the fact that they probe the DOS indirectly via, sometimes complex, dependence of the measured pa rameters upon DOS. Studies using spectroscopic techniques which probe DOS directly in the vicinity of E F are therefore desirable to determine whether the pseudogap in the DOS oc curs in QCs. ) shall present in this paper the results of the high-resolution photoemission spectroscopy (PES) measure ments on a single-grain AI-Pd-Mn alloy and review the re sults obtained for other QCs.
Experimental Procedure
Thermodynamically stable polyquasicrystalline ) and D al loys were prepared as described elsewhere. s2 ) All polyqua sicrystalline samples were characterized by x-ray diffraction and electron microscopy, both techniques showing the sam ples to be single phase. Bragg-peak widths were resolution limited. The preparation of the single-grain) AboPd21.sMn8.5 used in the ultraviolet photoelectron spectroscopy (UPS) studys3) has been described elsewhere. s4 ) Its surface was ori ented within 0.25° perpendicular to the fivefold axis. An inspection of the sample for the presence of second phases using scanning electron and scanning Auger microscopy in dicated that, within a detection limit of I%, the sample is single phase. The surface of the fivefold single-grain ) AboPd2l.sMn8.s was prepared for the UPS experiments by sputtering-annealing cycles. Annealing periods were typi cally 30 min during cleaning and several hours before the UPS experiments. Annealing was done at 773 K SS ) which yielded a clear fivefold low-energy electron diffraction pattern. S3 ) High-resolution PES experiments at various temperatures were carried out in an angle-integrated motle using an UPS spectrometer equipped with a high-intensity He discharge lamp (Garnmadata) producing a He ) line at 21.2eV and He II line at 40.8 eV, and a high-resolution Scienta SES200 hemispherical analyzer. s2 ) The instrumental resolution was determined by fitting the Fermi edge of Ag, evaporated in situ onto the previously measured sample, with the convo lution of a Gaussian and the product of a linear DOS and the Fermi-Dirac function at the appropriate temperature. S6 ) The full width at half-maximum (FWHM) of the Gaussian is the only adjustable parameter in this procedure and gives directly the instrumental resolution. Room-temperature PES measurements with medium energy resolution were carri<rd out with different photon energies h v using the synchrotron radiation. s7 ) The PES valence bands presented here are cor rected for the secondary-electron background. s7 ) 3 . Results and Discussion
Pseudogap in icosahedral quasicrystals
The low-temperature He II valence band the single-grain sample) AboPd2l.sMn8.s [ Fig. 2(a) ] differs from the corresponding valence band of a polyquasicrystalline ) Ab o Pd 2o Mn 10 sample S8 ) in that the main feature at the bind ing energy E B of -4.1 eV of the former has a clear shoulder at E B ~ -5 eV. The main feature of the valence band is mainly due to the Pd 4d-derived states, whereas the feature close to EF is predominantly due to states of Mn 3d charac ter. This assignment is based on previous room-temperature synchrotron-radiation PES studies S9 ,60) carried out on the polyquasicrystalline ) AboPd20MnlO sample with an energy resolution of 400 meV. They established a good agreement between the theoretical and experimental partial DOS of the Mn 3d and Pd 4d character ( Fig. 3 ) and the total experimental and theoretical DOS (Fig. 4) .
As in the case of polyquasicrystalline ) AhoPd2oMnlO,S8) a clearly developed Fermi edge is observed for the single-grain ) Al7oPd2l.sMn8.5 alloy [ Fig. 2(b) ]. This constitutes a direct proof that this alloy, in spite of its high p,3S) is metallic.
The decrease of the spectral intensity towards E F [ Fig.  2(a) ], which is clearly distinguished from the decrease due to the Fermi cut-off, results from the presence of a pseudo gap in the DOS(EF). With the aim of obtaining simple pa rameters to characterize the pseudogap, one can simulate the observed structure close to E F in the valence band using the model proposed by Mori et al. 61 ) As conventional alloys of the quasicrystal"forming elements do not display a DOS min imum close to E F , it is assumed that a simple linear extrapo lation of the spectrum for E B energy range directly before the Binding Energy, E a leV peak in the valence band feature close to E F accounts for the DOS without the gap (the normal DOS). The presence of a pseudogap would result in an intensity dip which is assumed to be of Lorentzian shape centered at EF, characterized by the half-width n, and the dip depth relative to the normal DOS, C. The observed intensity I (EB) is the convolution of the normal DOS multiplied by the pseudogap Lorentzian function and by the Fermi-Dirac function f(E B , T), and the experimental resolution Gaussian function
where N is a normalization factor, the experimental Gaussian FWHM is related to s through FWHM = 2J21n 2~, and the constants a and b are determined from a linear fit of the spec trum for EB energy range between -1.2 to -0.7 eV. The C values of 0 and 100% correspond, respectively, to the nor mal DOS (no pseudogap) and no DOS(EF). There is some alyzed with eq. (1). This was taken as evidence for support of the existence of the pseudogap in these I alloys.52) PES valence bands probe directly the DOS below Ep .
)
To unambiguously reveal the presence of a pseudogap around Ep, the states above Ep must also be investigated. This is normally achieved by using the inverse photoemission spec troscopy (IPES) technique. 62 ) However, the PES technique can also probe the states above E p if they are populated. Ac cording to Fermi-Dirac statistics, in metallic systems these states become populated at non-zero temperatures. At high temperatures (f"' V 600 K), a region of several hundred meV above Ep becomes accessible. Such a PES study, with an en ergy resolution of 70 meV, was carried out on the single-grain I AI70.5Pd21Mn8.5, whose surface was perpendicular to the fivefold axis, at 570 K. 63 ) A spectral function, which is pro portional to the DOS, can be reconstructed from such a va lence band. It clearly shows (Fig. 6 ) a minimum of DOS 63 located at 90meV above Ep • ) For EB values higher than f"' V 300meV (6.1 kBT), a considerable scatter of the recon structed spectral function, which is due to the small probabil ity that the states are populated, prevents a meaningful evalu ation of the DOS. Accessing states slightly above Ep through the method described above is superior to IPES because of the much higher energy resolution of the PES experiment.63) PES and IPES measurements were combined in the study of the I AI55Li35.8Cu9.2 alloy and the 1/1 approximant AI54Li36.8Cu9.2 to the I AI-Li-Cu I phase (R phase).64) A de crease of the spectral intensity close to Ep [ (Fig. 7(a) ] could not be interpreted as resulting from the presence of a pseudo gap since it could not be distinguished from the decrease due to the Fermi energy cut off caused by the limited energy res olution (700 and 400 meV respectively for the h v = 100 and 40eV valence bands) of the PES experiment. 64 ) However, a reasonable agreement between the calculated PES spectra15) and the measured valence bands, in particular concerning the existence of the reduced DOS at Ep . [ Fig. 7(b) ], is indic~tive that the observed decrease of the spectral intensity close to Ep [ (Fig. 7(a) ] is also caused by the presence of the pseudogap in these alloys. A comparison between the IPES spectra of the I AI55Li35.8Cu9.2 alloy and the R phase AI54Li36.8Cu9.2 mea sured with an energy resolution of 700 meV (Fig. 8) shows that the pseudogap is opening slightly above Ep and that it is shallower in the latter than in the former. A combination of PES and IPES spectra thus establishes that, as predicted by theory,15) there is a pseudogap in the DOS in the I AI-Li-Cu system and the R phase.
The PES and IPES data on the occupied and unoccu pied DOS provides conclusive evidence for the presence of the theoretically predicted pseudogap in the AI-Li-Cu and AI-Pd-Mn I alloys. For other investigated I alloys, the data are compatible with the presence of the pseudogap. A gen erally good agreement between the calculated and measured DOS indicates that the essential ingredients of the electronic structure of I alloys can be obtained from the calculations car ried out for their approximants.
The I AI-Pd-Re alloys exhibit the highest p of all known QCs 35) an d' It was suggested that they are insulators at low temperatures. Contradictory claims were made concern ing the possibility of the I AI-Pd-Re alloy being an insu lator based on the interpretation of the electronic transport data. 65 -69) The low-temperature near-Ep He I valence bands of I A170.5Pd21 Re8.5 measured with the highest energy reso lution presently available (Fig. 9) clearly show the presence of a Fermi edge. 70 ) This can be seen by comparing a near-Ep valence band at 45 K of A170.5Pd21 Re8.5 with that of Ag evap orated onto the alloy (Fig. 9 ). There is also evidence from the perfect fits of the spectra of this alloy measured at 45 and 9 K (Fig. 9) . It may be thus concluded that the A170.5Pd21 Re8.5 I alloy, in spite of its high p, is metallic down to the tem perature of measurement (9 K). However, the observed finite DOS at Ep (Fig. 9) is not incompatible with the I AI-Pd Re alloy being on the insulating side of the Mott-Anderson metal-insulator transition.
Pseudogap in decagonal quasicrystals
The low-temperature He II valence band of the D Al65C015CU20 alloy measured with an energy resolution of f"' V 30meV exhibits two features (Fig. 10 ). As shown with the resonance PES technique,71) the feature close to Ep is predominantly due to states of Co 3d character and the fea ture at E B ~ -4.2eV is mainly due to the Cu 3d-derived states. The partial Co 3d and Cu 3d states derived from the resonance PES spectra 71 ) extend to Ep , which means that the DOS(Ep) is dominated by the Co 3d-and Cu 3d-like states. The decrease of the spectral intensity towards Ep in the va ence band of D Al65C015CU20 (Fig. 10) was interpreted, us Ing eq. (1) for a positive slope of the normal DOS evaluated from the linear fit of the band in the E B range from -2.0 to -1.5eV, as indicative of the presence of the pseudogap.52) However, the analysis based on choosing the normal DOS for the E B range closer to Ep (the normal DOS with a negative slope) results in no pseudogap. A comparison between the room-temperature PES valence band of the D Al65C015CU20 alloy7l) measured at hv = 100eV with an energy resolution of 400 meV with the PES spectra calculated 28 ) for different structural models of the D AI-Co-Cu phase ~hows (Fig. 11) a good agreement for a particular model B2Cu. For all these models, there is no minimum in the DOS at Ep.28) A relatively good agreement between the measured valence band and the calculated one (Fig. 11) The inset shows the spectra close to EF. 64 ) cupied DOS are needed to unambiguously determine the pres ence or absence of the pseudogap in the D AI-Co-Cu system. The low-temperature He II valence band of the D Al70C015Ni15 alloy measured with an energy resolution of "-' 30 meV (Fig. 10 ) exhibits one strong feature at EB ~ -1.4 eV resulting from the overlap of the Co and Ni 3d-like states. 71 ) The closeness of these states to Ep results in the high DOS(Ep ). The decrease of the spectral intensity towards Ep in the valence band of D Al70C015Ni15 (Fig. 10) was interpreted, using eq. (1) for a positive slope of the nor mal DOS evaluated from the linear fit of the band in the E B range from -2.2 to -1.8eV, as indicative of the presence of the pseudogap.52) However, the analysis based on choos ing the normal DOS for the E B range closer to Ep (the nor mal DOS with a negative slope) results in no pseudogap. The low-temperature valence band of D Al70C015Ni15 was compared with the PES spectrum calculated 3 l) for various Binding Energy, E B / meV Fig. 9 Near-EF He I valence band of I Aho.5Pd21ReS.5 (circles) and Ag (triangles) evaporated on it. The solid lines are the fits to a linearly decreas ing intensity multiplied by the Fermi-Dirac function at 45 and 9 K (broken curve) and convoluted with a Gaussian whose FWHM is 6.0(5) meV for the 9 K and 9.2(3) meV for the 45 K bands. 70 ) structural models of the D AI-Ni-Co system. A reasonable agreement was obtained for a particular structural model V46 (Fig. 12) for which there is no pseudogap in the DOS(Ep). However, a combination of the room-temperature PES and IPES spectra measured on the single-grain D Al72C016Ni12 alloy shows (Fig. 13) the presence of the pseudogap of the width of rov 1.7 eV. 72 ) The IPES measurement 72 ) suffers from a poor energy resolution (0.9-1.6 eV) which might affect the location of the IPES band edge on the E B energy scale. It can be concluded that the interpretation of the currently available PES/IPES data on the D QCs with regard to the pseudogap is contradictory. Further spectroscopic experi ments are required to settle the problem of the possible ex istence of the pseudogap in D alloys. Binding Energy, E B / eV experiments were interpreted against the presence of the DOS spikiness. The lack of dependence of 11T 1 upon composi tion determined in the 27 Al NMR study of I AI-Cu-Ru alloys was taken as evidence against the fine structlJre of the DOS on the energy scale of ~ 20 meV.77) The absence of the pres sure dependence of 11 T 1 and K found in the 27Al and 63Cu NMR study of the I Al6SCU20RuiS alloy was argued to be in consistent with the DOS fine structure on the energy scale of lOmeV.7S) The coefficient A of the T 2 contribution to the magnetic susceptibility79) and the coefficient f3 of the T The predicted DOS spikiness should be detected with the spectroscopic techniques which measure the DOS directly. Experiments carried out with tunneling spectroscopy (TS) technique, which has the energy resolution of ~ k B T (better than 1 meV at 4.2 K), detected at liquid helium temperatures one sharp feature, located at Ep , of the width ~ 50-60 meV in the I AI-Cu-Fe, AI-Pd-Mn and AI-Pd-Re alloys.81-84) How ever, in another TS study,85) this feature was found to be much narrower (~ 20 meV) in the I AI-Cu-Fe and AI-Pd-Mn al loys, but very wide (~ 100meV) in the AI-Pd-Re alloys. No other spikes could be observed in the tunneling spectra of I al loys. [81] [82] [83] [84] [85] In a TS experiment carried out on the single-grain D Al73C010Ni17 alloy the detection of the rich fine structure of the DOS was reported. 86 ) This, however, was disputed and was shown to result from Andreev processes. 87 ,88) To make a meaningful comparison between the measured DOS and the calculated one, the latter must be modified to account for the finite energy resolution of an experiment, the lifetime broadening effects inherent to a given spectroscopic technique used to measure the DOS, and the sample tempera ture.52,62) It is clear5 2 ) that the possible DOS spikiness can be observed at room and/or low temperatures with the PES/IPES techniques with an energy resolution better than ~ 100 meV, and only in the vicinity of Different reasons were invoked in order to explain the fail ure of the high resolution PES and TS experiments to detect the DOS spikiness. These include the quality of the surface used for these experiments or the presence of disorder even in QCs of the best structural quality (as evidenced by the presence of diffuse scattering).52,58) Recent theoretical stud ies show that the DOS spikiness predicted in numerous elec tronic structure calculations 9 -24 ,26-31) is an artifact of the cal culations.25,92) This would explain why it cannot be detected.
Summary
The low-temperature valence band of the single-grain I al loy I AI70Pd21.5Mn8.5 has been measured with the high and very high energy resolution UPS technique. The alloy has a clearly developed Fermi edge, and is therefore metallic. The decrease of the spectral intensity toward Ep has been shown to be compatible with the presence of the theoretically pre dicted pseudogap in the DOS around Ep . The presence of the theoretically predicted fine structure of the DOS has not been observed even with a resolution of 8.6 meV. A review of the published PES and IPES experimental data on the electronic structure of QCs has also been presented. It has been shown that the data confirms the existence of the pseudogap in the DOS( E p) in all studied I QCs, but that there is no consensus on its presence in D QCs. It has been suggested that the fail ure to detect the predicted DOS spikiness in QCs results from the fact that this spikiness is an artifact of electronic structure calculations and, in fact, does not exist.
